In animals, both siRNAs and miRNAs are thought to diminish protein synthesis from transcripts that are perfectly complementary by directing endonucleolytic cleavage where they anneal, thereby triggering rapid degradation of the entire message [1] [2] [3] [4] . By contrast, partially complementary messages are downregulated by a combination of translational repression and accelerated decay caused by rapid poly(A) tail removal [3, [5] [6] [7] [8] [9] [10] [11] [12] . Here we present evidence that translational repression can also make a substantial contribution to the downregulation of fully complementary messages by RNA interference. Unlike mRNA destabilization, this inhibitory effect on translation is greater for perfectly complementary elements located in the 3 0 untranslated region rather than in the protein-coding region. In addition to known disparities in their endonucleolytic activity [13, 14] , the four Ago proteins with which siRNAs associate in humans differ significantly in their capacity to direct translational repression. As a result, the relative effect of siRNA on targets that are fully versus partially complementary is influenced by the comparative abundance of the three nonnucleolytic Ago proteins, causing this on-target/off-target ratio to vary in a cell-typedependent manner because of the dissimilar tissue distribution of these proteins. These findings have important implications for the efficacy and specificity of RNA interference.
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Results

Contribution of Translational Repression to On-Target RNA Interference
Despite their dissimilar biogenesis, there appear to be no intrinsic differences in the means by which small interfering RNAs (siRNAs) and microRNAs (miRNAs) can inhibit gene expression in animals [2, 3, 7] . For both, the mechanism of repression depends on their degree of complementarity to the messages they target. The regulatory influence of siRNAs and miRNAs is a consequence of their association with a multimeric assembly known as RISC [15] . The RISC subunit to which the si/miRNA binds is the Ago protein, of which there are four in humans [15] . Unlike the two more specialized Ago proteins of Drosophila [16, 17] , all four human proteins associate with both siRNA and miRNA [13, 14] . However, only one of them (Ago2) functions as an endonuclease that can cleave mRNA molecules within regions that base pair with perfectly complementary siRNAs or miRNAs [13, 14] . The presence of three other catalytically inactive Ago proteins capable of delivering siRNAs to their targets (Ago1, Ago3, and Ago4) raised the possibility that a nonnucleolytic mechanism might also contribute to RNA interference (RNAi) by fully complementary siRNAs in mammalian cells.
To address this question, 293T cells were transiently cotransfected with a chemically synthesized siRNA (siEGFP) and a firefly luciferase (FL) reporter bearing either a single copy of the perfectly complementary element G P (FL+G P ) or 1-4 copies of the partially complementary element G M (FL+G M , FL+4G M ) within the 3 0 untranslated region (UTR) ( Figure 1A ). The effects of the siRNA on mRNA decay and translation efficiency (protein synthesis per mRNA molecule) were then determined by comparing the cellular concentration of the reporter mRNA and its protein product in the presence or absence of siEGFP. For each element, both accelerated mRNA decay and translational repression were found to contribute significantly to reporter downregulation (Table 1 ; Figure S1 available online). Thus, interaction of siEGFP with the perfectly complementary element G P not only directed endonucleolytic cleavage, thereby diminishing the cytoplasmic concentration of uncleaved FL+G P mRNA by a factor of 3.4 6 0.3, but also decreased its translation efficiency by a factor of 3.4 6 0.4, resulting in a 91% (factor of 11.4 6 1.0) overall reduction in luciferase synthesis. These effects were entirely dependent on the elements G P and G M , as evidenced by the inability of siEGFP to influence an otherwise identical reporter transcript lacking either element. The decrease in translation efficiency attributable to a single copy of the fully complementary element G P (factor of 3.4 6 0.4) was significantly greater than that caused by one copy of the imperfectly complementary element G M (factor of 1.7 6 0.1).
Translational repression also contributes to downregulation by fully complementary miRNAs transcribed in the nucleus and exported to the cytoplasm. This conclusion was drawn from experiments in which 293T cells were transiently cotransfected with a gene encoding (or not encoding) miR-125b and a firefly luciferase reporter whose 3 0 UTR bore either two copies of a synthetic element (P) to which that microRNA was perfectly complementary (FL+2P) or 2-6 copies of the imperfectly complementary E1 element of human lin-28 (FL+2E1, FL+6E1) ( Figure 1A ). Once again, significant reductions in both mRNA abundance and translation efficiency were observed in each case, whereas no such effects were evident for a similar reporter lacking these elements (Table 1 ; Figure S1 ). Moreover, as seen for siEGFP, the reduction in translation efficiency caused by two copies of the perfectly complementary element P (factor of 2.6 6 0.2) was significantly greater than that caused by two copies of the imperfectly complementary element E1 (factor of 1.5 6 0.2) or other well-matched elements with incomplete complementarity to miR-125b [10] . That similar results were obtained with siEGFP and miR-125b 36 or 60 hr after transfection (Table 1; Table S1 ) indicates that sufficient time elapsed for reporter mRNA and protein levels to adjust fully. We conclude that translational repression can make an important contribution to the regulatory influence of perfectly complementary siRNAs and miRNAs, regardless of their origin or how they reach the cytoplasm.
A role for translational repression in RNA interference by fully complementary si/miRNAs in animal cells has not previously been noted. Indeed, prior evidence that mouse embryo fibroblasts lacking an Ago2 gene are competent for repression by imperfectly complementary siRNA but not by perfectly complementary siRNA [14] had cast doubt on a contribution from nonnucleolytic Ago proteins to downregulation by fully complementary siRNAs. One difference between those earlier studies and our own was the location of the fully complementary elements in either the coding region or 3 0 UTR, respectively, of the reporter mRNAs. To determine whether the location of such perfectly complementary elements influences the degree to which they inhibit translation, we compared the contributions of translational repression and accelerated mRNA decay to miR-125b-mediated downregulation of two very similar reporters (FL+2P-UTR and FL+2P-ORF) bearing tandem copies of element P in virtually identical sequence contexts but distinct translational contexts. These reporters differed only by a single nucleotide substitution in FL+2P-ORF that inactivated the usual luciferase termination codon (UAA / UCA) and extended the translational open reading (B) FL+2P-UTR and FL+2P-ORF mRNA. These messages were identical except for a codon substitution (UAA / UCA) that extended the proteincoding region of FL+2P-ORF beyond the two copies of element P (black rectangles). White rectangles, coding regions; lines, untranslated regions. (C) Effect of ribosomal readthrough on the contributions of translational repression and diminished mRNA concentration to RNA interference. 293T cells were transiently cotransfected with an FL+2P-UTR or FL+2P-ORF reporter gene, a gene encoding or not encoding miR-125b, and a Renilla luciferase (RL) gene (internal standard). Repression ratios were measured as in Table 1 . Error bars represent the standard deviation of multiple measurements. miR-125b had no effect on similar reporters that lacked element P. frame beyond the two copies of element P located 69-124 nt downstream (Figure 1B ). miR-125b had a comparable effect on the stability of both messages; however, its inhibitory effect on translation, which was quite pronounced when the copies of element P were in the 3 0 UTR (FL+2P-UTR), was much smaller when they were in the coding region (FL+2P-ORF) ( Figure 1C ). We conclude that the contribution of translational repression to RNA interference by perfectly complementary si/miRNAs depends upon whether they anneal within a translated or untranslated region of a message.
Because Ago2 is the only Ago protein in humans that can cleave mRNA endonucleolytically in the presence of a fully complementary siRNA or miRNA, we investigated the degree to which reducing its abundance impairs RNA interference. Knocking down the concentration of Ago2 in 293T cells significantly decreased the ability of miR-125b to direct endonucleolytic cleavage of a reporter mRNA bearing 3 0 UTR elements to which it was perfectly complementary, as evidenced by the increased abundance of intact FL+2P mRNA and the reduced concentration of the expected 5 0 cleavage product ( Figure 1D ; Figure S2 ). On the other hand, this change in the level of Ago2 had a negligible impact on the ability of miR-125b to downregulate the translation efficiency of that reporter ( Figure 1D ), suggesting an important role for the other three Ago proteins (see below). Consistent with this conclusion, knocking down Ago2 had a significantly greater effect on miR-125b repression of FL+2P-ORF, whose downregulation depends primarily on endonucleolytic cleavage by Ago2, than that of FL+2P-UTR, whose downregulation involves significant contributions from both translational repression and accelerated mRNA decay, likely mediated in part by other Ago proteins ( Figure S3 ).
Differences in Translational Repression Potency among Ago Proteins
Previous studies have shown that Ago2, Ago3, and Ago4 are each able to downregulate gene expression in an si/miRNAindependent manner when tethered to a reporter mRNA via a heterologous RNA-binding domain to which they are fused [18] . However, the relative efficacy of the four human paralogs and the contributions of translational repression and accelerated mRNA decay to their overall effect remained unclear, as indicated by the fact that significant disparities in the degree of repression caused by tethering Ago2 have been reported by different laboratories [18] [19] [20] . To quantify the ability of all four human Ago proteins to downregulate gene expression and to determine the mechanism(s) by which they do so, we tethered each of them individually to the 3 0 UTR of a luciferase reporter mRNA via a fused RNA-binding domain derived from the N protein of bacteriophage lambda and the RNA ligand of that domain (the lambda boxB stem-loop) [21] . To improve the sensitivity and precision of the measurements, we used a Renilla luciferase reporter bearing ten copies of boxB (RL+10boxB) [19, 20] .
293T cells were transiently cotransfected with the RL+10boxB reporter gene and various amounts of a gene encoding the 22 amino acid boxB-binding domain of N fused to HA-tagged Ago1, Ago2, Ago3, or Ago4 (N-HA-Ago). The efficacy of the human Ago proteins in repressing gene expression was compared over a broad concentration range by assaying cell extracts for luciferase activity and probing immunoblots for N-HA-Ago. Interestingly, although all four tethered Ago proteins were able to downregulate reporter expression, their efficacies differed significantly, in the order Ago4 > Ago3 > Ago2 R Ago1 (Figure 2A) . At low concentrations, where the differences were greatest, Ago4, Ago3, and Ago2 were about 6-fold, 2.7-fold, and 1.6-fold, respectively, more potent than Ago1. As expected, repression in the absence of a complementary si/miRNA required tethering and was abolished by removing the boxB-binding domain (HA-Ago2), but it did not require endonucleolytic activity, as evidenced by mutating a critical active-site residue of Ago2 (N-HA-Ago2-D597A) [14] .
Contrary to earlier reports [18, 22] , the tethered Ago proteins not only repressed gene expression but also mimicked the ability of microRNAs to accelerate mRNA decay, as evidenced by the diminished abundance of the luciferase reporter transcript in each case ( Figure 2B ; Figure S5 ). Interestingly, despite substantial differences in their overall potency, the four tethered proteins caused nearly equal reductions in cytoplasmic mRNA concentration, suggesting that each has a similar capacity to destabilize mRNA. This finding indicates that the marked disparities between the effects of the tethered Ago proteins on gene expression result almost entirely from significant differences in the ability of each to repress translation ( Figure 2B ).
Cell-Type-Dependent Specificity of RNA Interference Among the complications of using RNA interference to knock down gene expression is the detriment to specificity caused by off-target effects, which appear to result from base pairing of siRNAs with messages to which they are partially complementary in a manner reminiscent of productive base pairing by miRNAs [23] . That the four Ago proteins in humans differ not only in their endonucleolytic activity but also in their capacity to repress translation raised the possibility that variations in the relative abundance of these or other proteins might cause the specificity of RNA interference to be cell type dependent. Indeed, a previous study indicated that the human Ago paralogs are differentially expressed in several immortalized cell lines [13] .
To investigate the expression of the various Ago proteins in the untransformed cells of primary tissues, we extracted data from a large-scale study of the human transcriptome [24] . Those microarray data indicate that each of the four Ago genes undergoes significant transcription in all 73 untransformed human tissues that were tested. Importantly, our analysis reveals a great deal of paralog-specific variation in Ago mRNA levels across a range of tissue and cell types ( Figure S6 ): up to 3-or 4-fold for Ago1, Ago3, and Ago4 and up to 6-fold for The effect of siEGFP or miR-125b on reporter gene expression was determined at both the protein and mRNA level by measuring firefly luciferase activity (normalized to Renilla luciferase activity) and by northern blot analysis of the firefly luciferase reporter transcript (normalized to Renilla luciferase mRNA) ( Figure S1 ) 36 hr after transfection of 293T cells. Repression ratios for protein production and cytoplasmic mRNA concentration were calculated from normalized levels of firefly luciferase protein and uncleaved mRNA in the absence versus the presence of siEGFP or miR-125b. By dividing these two repression ratios, the repression ratio for translation efficiency (protein yield per mRNA molecule) was determined. A repression ratio of 1 indicates no repression. Calculations of repression ratio per element assume that the fold effects of all copies of an element are equal and multiplicative, as observed for E1 and miR-125b [10] . Errors represent the standard deviation of multiple measurements.
Ago2, whose abundance relative to each of the other three Ago mRNAs can vary by as much as a factor of 10. Such differences have the potential to influence the specificity of RNA interference in a cell-type-dependent manner. As a preliminary test of this hypothesis, we first compared the efficacy of siEGFP in downregulating the expression of fully (FL+G P ) or partially (FL+4G M ) complementary reporter genes in two human cell lines: 293T embryonic kidney cells and HCT116 colon cancer cells. Interestingly, the specificity of siEGFP for the reporter to which it was perfectly complementary was significantly greater in HCT116 cells ( Figure 3A) , a difference consistent with the lower concentration of Ago1, Ago3, and Ago4 mRNA and equivalent concentration of Ago2 mRNA in those cells versus 293T cells ( Figure 3B ; Figure S7) . A similar inverse correlation was observed in HeLa cervical carcinoma cells ( Figure S8 ).
To ascertain directly whether the relatively high abundance of the nonnucleolytic Ago proteins in 293T cells impairs the specificity of RNA interference, we examined the consequences of reducing their concentration or that of Ago2. Depleting Ago1, Ago3, or Ago4 diminished the relative efficacy with which siEGFP repressed the imperfectly complementary reporter FL+4G M versus its perfectly complementary counterpart FL+G P , whereas depleting Ago2 had the opposite effect (Figure 4 ; Figure S9 ). Similar changes in off-target versus ontarget repression were observed for miR-125b and the reporters FL+2P and FL+6E1 (Figure 4) . These results indicate that the specificity of RNA interference depends, at least in part, on the concentration of the three nonnucleolytic Ago proteins relative to Ago2. Figure S4 ). As expected, tethering a nonfunctional Ago2-F470V/F505V mutant [22] had no inhibitory effect (data not shown). (B) Contributions of impaired translation and diminished mRNA concentration to repression by tethered Ago proteins. 293T cells were transiently transfected as in (A), with adjustments to equalize production of the various HA-tagged Ago proteins. The effect of each Ago paralog on reporter gene expression was determined at the protein level as in (A) and at the mRNA level by northern blot analysis, and repression ratios were calculated from these values. Errors represent the standard deviation of multiple measurements. A repression ratio of 1 (as observed for untethered HA-Ago2 lacking a boxB-binding domain) indicates no repression. 
Discussion
Together, these findings impact our understanding of RNA interference in three ways. First, they redefine the mechanism by which RNAi inhibits mammalian gene expression by revealing an important contribution from impaired translation. Second, they indicate that the magnitude of this effect depends on where in a message siRNA binding occurs and which Ago paralog accompanies it there. Third, they show that the specificity with which RNA interference targets mammalian mRNAs containing a fully complementary sequence element is cell type dependent and that this property is influenced, at least in part, by natural variations in the relative abundance of nucleolytic versus nonnucleolytic Ago proteins.
Initially, the complementarity of miRNAs and siRNAs to their mRNA targets was thought to determine whether gene expression would be downregulated via translational repression or instead via accelerated mRNA decay triggered by endonucleolytic cleavage [2, 3, 7] . Subsequently, it became clear that in animals, the interaction of these small RNAs with messages to which they are imperfectly complementary leads both to inhibited translation and to expedited mRNA decay caused by rapid deadenylation [8] [9] [10] [11] [12] . Our present results extend this mechanistic duality to the interaction of siRNAs and miRNAs with messages to which they are fully complementary by showing that in mammalian cells such base pairing can result not only in endonucleolytic cleavage but also in a significant decrease in the efficiency with which those mRNAs are translated, especially when the si/miRNA anneals to the 3 0 untranslated region. As a result, the overall influence of siRNAs and miRNAs on the expression of genes that are fully complementary can be substantially greater than their effect on mRNA concentration alone. This finding implies that changes in mRNA levels may understate both the specificity and impact of RNA interference. Although the inhibitory effect on translation is significantly smaller when an siRNA binds to a perfectly complementary site within a coding region, targeting the coding region can nevertheless be as effective overall as targeting the 3 0 UTR because of other, counteracting influences.
That the place where a fully complementary si/miRNA binds should influence its effect on translation but not mRNA degradation is probably due to the fact that only the former repression mechanism is reversible. Consequently, an siRNA must remain bound to a message for even the leaky translational repression characteristic of RISC to persist. Such continuity is more likely if the siRNA binds to the 3 0 UTR rather than to the coding region, where the occasional passage of translating ribosomes would displace it. In contrast, if endonucleolytic cleavage by Ago2 is swift, a fully complementary si/miRNA would need to bind a message only transiently to irreversibly trigger its decay, making that outcome less susceptible to disruption by ribosomes.
Although translational repression by perfectly complementary siRNAs or miRNAs in animal cells has not previously been noted, it is sometimes evident upon detailed re-examination of published data in which the 3 0 UTR was targeted (see, for example, the data of [4] ). In other cases, such an effect may have been overlooked for any number of reasons: targeting of the coding region, insufficiently precise measurements of mRNA and protein concentrations, inadequate time for full adjustment of the protein concentration, uncertainty about possible contributions from additional, partially complementary elements within the same message, etc. It is noteworthy that the converse ability of miRNAs to accelerate the degradation of imperfectly complementary mRNAs was likewise not recognized initially but is now well established [8] [9] [10] [11] [12] .
Translational repression by fully complementary siRNAs makes sense mechanistically, because all four Ago proteins in human cells can inhibit translation when tethered to mRNA but only Ago2 can cleave RNA endonucleolytically. Thus, every interaction of an siRNA with the 3 0 UTR of a fully complementary message has the potential to be productive, even if Ago2 does not participate.
Our tethering data further indicate that the four Ago proteins in humans (possibly in conjunction with other RISC components) differ significantly in the efficacy with which they repress translation. Together with their variable tissue distribution, these differences suggest that the overall effectiveness of siRNAs and miRNAs in downregulating gene expression is likely to be cell type dependent.
The specificity of RNA interference is limited by the potential for off-target effects caused by the unwanted interaction of siRNAs with messages to which they are partially complementary [23] . The ability of Ago1, Ago3, and Ago4 to downregulate such off-targets without contributing to the endonucleolytic cleavage of fully complementary messages suggests that RNAi may be least specific in human tissues that produce high levels of these three proteins, a prediction corroborated by examining three human cell lines (293T, HeLa, and HCT116). Indeed, depleting 293T cells of Ago1, Ago3, or Ago4 increases the specificity of RNA interference, whereas The ability of siEGFP and miR-125b to repress luciferase production from reporter genes containing elements that were perfectly (on-target: FL+G P or FL+2P) or imperfectly (off-target: FL+4G M or FL+6E1) complementary was compared in 293T cells from which each of the four Ago proteins had been depleted individually by RNAi. siGL2 served as a negative control (black bars). Specificities of RNA interference were compared by dividing the off-target and on-target repression ratios (R off and R on ) after first subtracting 1 from each, because a repression ratio of 1 indicates a complete lack of downregulation. As judged by quantitative RT-PCR, the knockdown efficiency of the targeted Ago mRNAs was 0% 6 5% for siGL2, 86% 6 5% for siAgo1, 79% 6 5% for siAgo2, 73% 6 3% for siAgo3, and 81% 6 4% for siAgo4. Error bars represent the standard deviation of multiple measurements. As judged by immunoblotting, the knockdown efficiency was 91% for siAgo1 and 85% for siAgo2 ( Figure S9 ). depleting Ago2 diminishes that specificity. These findings indicate that the concentration of the nonnucleolytic paralogs is an important factor contributing to the relative magnitude of off-target repression and its cell-type dependence in humans.
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